The diagnostic use of hepcidin is limited by the absence of standardization and lack of age-specific reference ranges in children in particular. The aim of this study was to determine reference ranges of serum hepcidin in healthy children aged 0.5-3 y using mass spectometry (MS) and a commercial immunochemical (IC) assay, and to investigate its association with other indicators of iron status and inflammation. Methods: We included 400 healthy children aged 0.5-3 y. We constructed reference ranges for MS-hepcidin and IC-hepcidin concentrations using the median, P2.5, and P97.5 in a normative population of 219 children with no anemia, no infection and/or inflammation, and no iron deficiency. results: Median concentrations (P2.5-P97.5) of MS-hepcidin and IC-hepcidin were 3.6 nmol/l (0.6-13.9 nmol/l) and 7.9 nmol/l (1.9-28.6 nmol/l), respectively. We found a good correlation between both methods. However, MS-hepcidin was consistently lower than IC-hepcidin. Hepcidin correlated with ferritin and C-reactive protein. conclusion: We provide reference ranges for hepcidin for an MS and commercial IC method. Absolute values between assays differed significantly, but hepcidin concentrations obtained by MS and IC methods correlate with each other, and both correlate with ferritin and CRP.
h epcidin is a peptide hormone that is predominantly produced by hepatocytes. It circulates in the bloodstream and is excreted by the kidneys. Hepcidin plays a central role in regulating dietary iron absorption and body iron distribution. It induces the internalization and degradation of ferroportin, the major cellular iron exporter, resulting in increased intracellular iron stores, decreased dietary iron absorption and decreased circulating iron (1) (2) (3) . Consequently, hepcidin has a bacteriostatic effect by reducing the plasma iron content, essential for microbial growth (2) . The synthesis of hepcidin is decreased in situations that require increased concentrations of circulating iron such as iron deficiency (ID), hypoxia, anemia, and conditions characterized by increased erythropoietic activity (3, 4) . A decrease in hepcidin results in the release of stored iron and an increase in dietary iron absorption. On the other hand, infection or inflammation causes an increase in hepcidin synthesis, which results in a decrease in iron available for erythropoiesis and contributes to anemia of chronic disease (5, 6) . Although promising applications for hepcidin in diagnostic medicine have been described (2) , they mostly apply to adults. Studies reporting hepcidin concentrations in children are scarce. Limited evidence suggests that hepcidin might contribute to the diagnosis of ID in preterm infants (7) and low birth weight infants (8) and could help to distinguish between iron deficiency anemia (IDA, low hepcidin) and anemia of chronic disease (high hepcidin) (9) (10) (11) (12) . Furthermore, hepcidin could be used in children to guide the effect of iron supplementation therapy and to screen for primary defects in hepcidin regulation such as iron refractory IDA (2) .
However, the diagnostic use of hepcidin is limited by the absence of standardization in general, age-specific reference ranges of hepcidin and knowledge on the association between hepcidin and other iron status indicators in children in particular (10, 13, 14) . The aim of this study was to determine reference ranges of serum hepcidin in healthy children aged 0.5-3 y using Weak Cation eXchange Time of Flight mass-spectometry (MS) and an commercial immunochemical (IC) assay, and to investigate its association with other indicators of iron status and inflammation.
RESULTS
The study included 400 children (248 children from the Juliana Children's Hospital, 152 children from the Sophia Children's Hospital). Six children with underlying causes for anemia were excluded (Figure 1) . Characteristics of the study population are described in Table 1 . Median age was 16.5 mo. The study included significantly more boys than girls due to the types of surgical interventions that are carried out most often in healthy children at this age such as correction of hypospadia or orchidopexy ( Table 1) . Mean concentrations of all iron status indicators were similar in boys and girls (data not shown). Blood sampling time distribution over the age groups was dissimilar; older children underwent blood sampling more often later during the day. A total of 219 children were included in the normative population, to determine reference values (Figure 1 ).
MS-Hepcidin and IC-Hepcidin Concentrations in the Normative Population
Median concentrations (P2.5-P97.5) of MS-hepcidin and IC-hepcidin for the total study population were 3.6 nmol/l (0.6-13.9 nmol/l) and 7.9 nmol/l (1.9-28.6 nmol/l), respectively. MS-hepcidin concentrations were consistently lower compared with IC-hepcidin concentrations. MS-hepcidin concentrations were lower than the detection limit of 0.5 nmol/l in four children (1.8%). We observed no differences in hepcidin between boys and girls (data not shown). Median hepcidin concentrations in children who underwent blood sampling in the morning were lower compared with hepcidin concentrations in children who underwent blood sampling in the afternoon ( Table 2 , MS-hepcidin P value <0.001, IC-hepcidin P value 0.007). Reference ranges for MS-hepcidin and IC-hepcidin concentrations in the normative subpopulation, stratified for age are shown in Table  2 , and stratified for both age and time of blood sampling in Supplementary Table S1 online.
Correlations of MS-Hepcidin and IC-Hepcidin
We found a significant correlation between MS-hepcidin and IC-hepcidin (Supplementary Figure S1 online). MS-hepcidin concentrations were almost 3 times lower than those obtained with the IC-asay (P value <0.001, intraclass correlation coefficient 0.568). The Blant-Altman plot showed that differences in observed concentrations were larger for the higher 
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Articles hepcidin concentrations (Figure 2) . Both MS-hepcidin and IC-hepcidin were significantly correlated with ferritin and CRP (Supplementary Tables S2 and S3 online). These correlations persisted after adjustment for age and time of blood sampling ( Table 3 and Supplementary Table S4 online). We found no association between MS-hepcidin or IC-hepcidin and sTfR, Ret-Hb, MCV, and Hb ( Table 3 and Supplementary Table S4 online). In a final multivariate model with hepcidin as dependent variable and ferritin, CRP, age and time of blood sampling as independent variables, we found that ferritin and CRP were independent correlates of hepcidin, which explained 39.9% and 38.8% of the variance in MS-hepcidin and IC-hepcidin, respectively.
DISCUSSION
We present for the first time age-specific reference ranges for healthy children aged 0.5-3 y, for serum hepcidin concentrations measured by mass spectrometry and an immunochemical assay. Hepcidin levels obtained by the two methods strongly correlated, but IC-hepcidin concentrations were consistently higher compared with MS-hepcidin concentrations, particularly in the high concentration range. Hepcidin levels obtained by either method strongly correlated with ferritin and CRP. These latter parameters together explained almost 40% of the total variance in hepcidin Median MS-hepcidin concentrations in our normative subpopulation were 3.4-4.3 nmol/l and 2.6-4.0 nmol/l in children aged 0.5-1 and 1-3 y, measured in the morning and afternoon, respectively. Studies that used the same mass-spectometry method to measure hepcidin, reported lower concentrations in 0.5-y-old children in rural Kenya (mean 2.2 nmol/l) (10) and in 11-y-old children in Italy (mean 1.9 nmol/l) (12) . The lower concentrations in Kenyan children are likely attributed to a higher prevalence of ID. Furthermore, differences in age and ethnicity may have contributed to the observed differences in hepcidin concentrations between populations. Although prevalence of ID in the Italian study was lower than in our population, all blood samples were drawn earlier in the morning (8 am), which might have resulted in lower hepcidin concentrations considering the diurnal rhythm of hepcidin (15, 16) .
Median IC-hepcidin concentrations in our normative study population were 9.9-11.0 nmol/l in children aged 0.5-1 y, measured in the morning and afternoon respectively. Compared with IC-hepcidin concentrations (same manufacturer and cat-no, different batch-no) in unsupplemented low-birth-weight infant aged 0.5 y (17), hepcidin concentrations observed in our study were higher (geometric means 9.5 nmol/l in our study and 4.7 nmol/l in low-birth-weight infants), suggestive for lower prevalence of ID or a higher prevalence of infection in the former infants. However, the latter explanation is less likely since we used a slightly lower cut-off value for CRP to identify children with infection compared with the study in low-birth-weight (5 mg/l and 8 mg/l, respectively). Since hepcidin is sensitive to aggregation, easily sticks to laboratory plastic and the assays are not standardized, difference in hepcidin results between both studies might also be attributed to differences in pre-analytical sample handling and batches employed (2) .
In accordance with other studies performed in children, ferritin explained almost 40% of the variance in hepcidin (7, 10, 17) . However, this percentage was less than half than in a large study in adults in which hepcidin was measured by an in house c-ELISA (18) . On the other hand, contribution of CRP Articles Uijterschout et al.
to the variance in hepcidin concentration in our study was slightly higher compared to results in adults (R 2 25.0-28.0% in our study and 20.0% in adults) (18) . Even in children with a CRP<5 mg/l, hepcidin was slightly but significantly associated with CRP after adjustment for age and time of blood sampling (R 2 7.0% for MS-hepcidin and R 2 10.5% for IC-hepcidin, respectively). Similar results were observed in other studies performed in 0.5-y-old children (10) . These results suggest that a higher contribution of CRP on the variance in hepcidin concentrations reflects the higher influence of infection and/ or inflammation on hepcidin concentrations in young children compared with adults.
We found a good correlation between the two methods, but levels of MS-hepcidin were almost three times lower than those of IC-hepcidin. These findings are in agreement with those found in recent round robin (send out of samples) of adult samples that also include the here used MS and EIA kit (cat nr. No S-1337), coded as MS-1 and IC-5, respectively (19) . More specifically, in this round robin the WCX-TOF MS measured 2.89 times higher than the Bachem kit (Cat. No S-1337), whereas we measured larger differences between the two methods in samples with a higher hepcidin concentration. In general, hepcidin assay results are not traceable to reference materials and/or reference measurement procedures because neither reference materials nor a reference measurement procedure exists (19) . Consequently, the differences in hepcidin concentrations between MS and IC assays in our study might be attributed to differences in the values that laboratories and companies assign to the internal and external standards used by the different methods, to impurities in these standards or to loss of the standard during storage, e.g., by aggregation (20, 21) or differential sticking of the synthetic hepcidins to the tubes (19) . In this study, we attribute the differences between the assays in the fact that the respective companies assigned a lower value to the Bachem standard (used in the IC assay) than to the Peptide International standard (used in the MS method) (22) , resulting in the higher the measurement results in the Bachem assay. This is supported by previous observations of lower values than expected for the pure standards of Bachem compared to those of Peptide International (19, 22) . Consistent with the results from this round robin (19) , our results illustrate the need for harmonization of different methods.
Hepcidin has been suggested as biomarker that might contribute to the diagnosis of ID (7) (8) (9) (10) (11) (12) , to guide the effect of iron supplementation therapy, and to screen for primary defects in hepcidin regulation (2) . Reference values described in this study are instructive for investigating these potentials of hepcidin in future studies.
A limitation of our study is that hepcidin concentration in our population of healthy children living in the Southwestern region of the Netherlands might not be representative for children aged 0.5-3 y in other populations. Although we carefully selected a normative population, both ID and infection/ inflammation are common conditions in children at this age. Suboptimal iron stores or minimal signs of infection/inflammation might have influenced hepcidin concentrations in our study. Furthermore it should be mentioned that we included more boys than girls in our study. However, we suggest that this did not influence our results since no gender effect was observed.
Taken together, to the best of our knowledge, this is the first study that extensively describes reference values of hepcidin in children aged 0.5-3 y. The age-specific reference ranges presented in this study are instructive for the use of hepcidin as a diagnostic tool and therapeutic target in future studies. Our results on correlation of hepcidin concentrations with indicators of iron metabolism, erythropoiesis, and infection/inflammation contribute to our understanding of hepcidin regulation in young children. We showed that although hepcidin concentrations measured with WCX-TOF mass-spectometry and a commercial c-ELISA immunochemical differ significantly in absolute values, hepcidin concentrations obtained by MS and IC methods correlate with each other, and both correlate with ferritin and CRP. Future studies on harmonization of hepcidin assays are needed to enable comparison of hepcidin levels between studies as well as the definition of universal clinical decision limits.
METHODS

Study Design
To construct reference ranges for serum WCX-TOF MS hepcidin (MS-hepcidin) and IC derived hepcidin (IC-hepcidin) concentrations, we defined an iron-replete normative population by selecting healthy children born after 37 wk gestational age (GA), a birth weight of with ≥2,500 g, no anemia (Hb ≥100 g/l), no infection and/ or inflammation (CRP <5 mg/l) and no ID (ferritin ≥10 μg/l) ( Figure  1) (23, 24) . Reference ranges for MS-hepcidin and IC-hepcidin concentrations were defined as the P2.5 and P97.5 in children of the iron-replete normative population. All children were analyzed to investigate the correlations between hepcidin and other indicators of iron status and inflammation.
Study Population
We included 400 children aged 0.5-3 y undergoing general anesthesia because of simple elective surgery or diagnostic procedure in two different hospitals in the Southwestern region of the Netherlands between August 2011 and May 2012 (25) . This was originally a crosssectional study on prevalence and risk factors of ID. Blood samples of the aforementioned children have been used in the current study. During a pre-operative screening an extensive medical history and physical examination were performed by an anesthesiologist or an experienced pediatric resident, in order to include only healthy children. Children referred for adenotomy or tonsillectomy were not included because the prevalence of upper airway infections in these children is high. Exclusion criteria were known infection in the last 4 wk, use of iron supplementation within the last 6 wk, blood transfusion within the last 6 mo, preterm birth before 32 wk gestational age (GA), known hemoglobinopathies, oncologic disorders, multiple congenital malformations and metabolic diseases as described previously (25) . The study was approved by the Medical Ethics Committee of South-West Holland. All parents of the participating children gave written informed consent.
Data Collection
All children received a peripheral venous catheter to administer anesthetics. During insertion of the catheter, venous blood (3 ml) was collected with an EDTA and a serum tube, and analyzed for ferritin, C-reactive protein (CRP), hemoglobin (Hb), mean corpuscular volume (MCV) and mean hemoglobin content in reticulocytes (Ret-Hb). We measured Ret-Hb since it has been reported that this is an early indicator of iron-restricted erythropoiesis (26) . Samples were
